Background: Dual oxidases (DUOXs) are membrane bound ROS generating enzymes. Results: Conserved DUOX cysteines localized in an N-terminal domain contribute to enzymatic maturation, independent of structural stabilization. Conclusion: Intermolecular disulfides support the interaction between DUOX enzymes and their maturation factors. Significance: This study reflects a complex profile of protein interactions required for activity and localization of the DUOX enzymes.
SUMMARY
Intramolecular disulfide bond formation is promoted in oxidizing extracellular and ER compartments and often contributes to protein stability and function. DUOX1 and DUOX2 are distinguished from other members of the NOX protein family by the presence of a unique extracellular N-terminal region. These peroxidase-like domains lack the conserved cysteines that confer structural stability to mammalian peroxidases. Sequence-based structure predictions suggest the thiol groups present are solvent-exposed on a single protein surface and are too distant to support intramolecular disulfide bond formation. To investigate the role of these thiol residues, we introduced four individual cysteine to glycine mutations in the peroxidase-like domains of both human DUOXs and purified the recombinant proteins. The mutations caused little change in the stabilities of the monomeric proteins, supporting the hypothesis that the thiol residues are solvent-exposed and not involved in disulfide bonds that are critical for structural integrity. However, the ability of the isolated hDUOX1 peroxidase-like domain to dimerize was altered, suggesting a role for these cysteines in protein-protein interactions that could facilitate homodimerization of the peroxidase-like domain or, in the full-length protein, heterodimeric interactions with a maturation protein. When full-length hDUOX1 was expressed in HEK293 cells, the mutations resulted in decreased H 2 O 2 production that correlated with a decreased amount of the enzyme localized to the membrane surface rather than with a loss of activity or with a failure to synthesize the mutant proteins. These results support a role for the cysteine residues in intermolecular disulfide bond formation with the DUOX maturation factor DUOXA1.
Cysteine residues often play essential roles in protein structure and function by conferring stability through disulfide bond formation, maintaining proper maturation and localization through protein-protein intermolecular interactions, or providing a thiol group for reactions with molecular substrates (1) . Intramolecular disulfide bond formation, favored in oxidizing extracellular and endoplasmic 2 reticulum (ER) 5 compartments, provides structural support for native function and localization; disulfide loss can cause mistargeting or malfunction of receptors and transporters (2, 3) . The mammalian peroxidases are a protein family whose rigid structure is defined by a conserved set of disulfide bonds [e.g., myeloperoxidase (MPO): 6; lactoperoxidase (LPO): 7] (4-6). These hemecontaining enzymes, which catalyze the H 2 O 2 -dependent oxidation of halide and pseudohalide ions to form antimicrobial agents in phagocytes, are a critical element of the human innate immune system (7) . MPO is the only member of the known mammalian peroxidases that is functional as a native homodimer linked through a disulfide bond (4, 8) . This MPO oligomerization gives rise to an unusually high stability (T m > 80 °C) that is important for its physiological role. More recently, a distinct family of proteins has been identified with members that are related to the mammalian peroxidases by sequence comparisons. The NADPH oxidase (NOX)/dual oxidase (DUOX) membrane proteins are expressed in various epithelial cells and produce reactive oxygen species (ROS). In humans, two members of the NOX family of proteins, hDUOX1 and hDUOX2, contain a domain that is related by sequence to the mammalian peroxidases.
The function of the peroxidase-like domain of the two DUOX isoforms remains unclear. Although sequence identities establish a similarity to the mammalian peroxidases, the DUOX proteins lack some of the residues that in the peroxidases are known to be required for heme binding and catalytic function. As the peroxidaselike domain is the salient difference between the DUOX enzymes and other members of the NOX family, it may be responsible for the fact that the DUOX enzymes produce H 2 O 2 , whereas the majority of the NOX family enzymes produce superoxide. Recent structural investigation of H 2 O 2 producer NOX4 has revealed a unique large extracellular E-loop that may trap superoxide to allow conversion to H 2 O 2 , akin to the potential role of the DUOX N-terminal domain (9) . Close analysis of the DUOX peroxidase-like region reveals the absence of the conserved cysteines known to confer structural stability to the mammalian peroxidases. Of the cysteine residues present in this region (7 for hDUOX1 ; 6 for hDUOX2 ), none corresponds by sequence alignment to a conserved disulfide pair in the mammalian peroxidases ( Figure 1A) . The role of the cysteine residues that are present in the DUOX peroxidase-like region has recently been examined. Individual missense mutations of four of the cysteines in hDUOX2 (Cys 351 , Cys 370 , Cys 568 , Cys 582 ) result in retention of the protein in the ER compartment, as observed by carbohydrate remodeling, indicating that these residues are critical to proper maturation (1, 10) . It was speculated that the cysteines maintain a stable, Nterminal domain structure which, upon mutation, may cause misfolding and aggregation in the ER compartment. Further study demonstrated that the immature hDUOX2 is still capable of oxidant production (9) . As this implies the cysteines may promote a critical protein-protein interaction rather than serving a structural function, we have modeled the N-terminal region of hDUOX2 to determine the approximate location of each of the cysteines ( Figure 1B) . Modeling of the structure indicated that the thiol groups are solvent-exposed and unlikely to form intramolecular disulfide bonds due to the predicted distances between the cysteine residues.
To obtain greater insight into the role of the cysteine residues in DUOX structure and function, we mutated each of four cysteines in both the hDUOX1 and hDUOX2 isolated peroxidase-like domains. Our experiments with these purified mutant constructs established that the mutations cause little change in the stability of the monomeric unit, in agreement with the hypothesis that these cysteine residues are solvent exposed and do not form intramolecular disulfide bonds. However, the ability of the isolated hDUOX1 peroxidase-like domain to dimerize was affected and the mutated full-length holoproteins did not support normal oxidant production when expressed as stable transfectants. Taken together, these findings suggest a role for these cysteines, and perhaps the surface of the domain in which they are located, in contributing to protein-protein interactions. (11) . All experiments were performed at room temperature unless otherwise stated.
EXPERIMENTAL PROCEDURES

Materials
Structure Prediction-The hDUOX2 protein was truncated using the TMHMM transmembrane helix algorithm (http://www.cbs.dtu.dk/services/TMHMM/) to identify the primary sequence that composes the N-terminal peroxidase-like domain (12) . A structural model of hDUOX2 was built by sequence submission to the SWISS-MODEL program server (http://www.swissmodel.expasy.org/) for automatic modeling; the model with bovine LPO (PDB: 3BXI) as the template was visualized with the software Pymol (13) . Heme co-factor placement in the model structure was achieved by overlay of the known bovine LPO structure and the hDUOX2 1-599 homology model.
Plasmid Constructs-The peroxidase-like domain constructs for hDUOX1 (residues 1-593) and hDUOX2 (residues 1-599) were previously described (14, 15) . Briefly, the original source of the H. sapiens duox1 gene was Quick-clone cDNA from human lung (Clontech). The gene encoding the peroxidase-like domain of hDUOX1 (residues 1-593) was PCR amplified and inserted by ligation into pAcGP67-b (pJLM08). hduox2 was synthesized by GeneArt Inc., and was subcloned from the GeneArt vector into pAcGP67-b baculovirus expression vector (named pJLM025). Both plasmid constructs for hDUOX peroxidase-like domain expression encode a Cterminal 6-His tag to aid protein purification.
Mutations in hduox1 were introduced into pJLM05 by Quikchange site-directed mutagenesis (Clontech), according to the manufacturer's instructions. Primer sequences are listed in Table  1 . The entire open reading frame was resequenced for each new plasmid. Each plasmid construct was subsequently digested with BamHI and EcoRI, and the gene(s) inserted by ligation into pAcGP67-b (WT, pJLM08; C345G, pJLM072; C364G, pJLM073; C565G; pJLM074; C579G, pJLM075).
Mutations in hduox2 were introduced utilizing the same approach as hduox1 ; primer sequences are also listed in Table 1 (WT, pJLM025; C351G, pJLM084; C370G, pJLM085; C568G, pJLM086; C582G, pJLM087).
The hDUOX1 and hDUOXA1 HEK293 expression constructs were generated as follows: total RNA was extracted from well-differentiated primary cultures of human airway epithelial cells and reverse transcribed using Thermoscript. The coding regions of human DUOX1 and DUOXA1 transcripts were amplified by PCR using HiFi DNA polymerase (Invitrogen) and the primers listed in Table 2 . Amplification of hDUOX1 also depended on the presence of Q-solution (Qiagen, 0.5x final concentration) in the PCR buffer. The PCR products were cloned into the TOPO-TA vector (Invitrogen), sequenced, and then subcloned between the NotI and BamHI sites of the pcDNA3.1 mammalian expression vector (Invitrogen).
Generation of Recombinant Baculoviruses-
Plasmids (pJLM08, pJLM025, pJLM072-75 and pJLM084-87) were co-transfected with viral baculogold DNA into Sf9 insect cells, according to the manufacturer's instructions (BD Biosciences). The resulting viruses were plaque assayed to generate high-titer recombinant baculovirus stocks amplified (two rounds of amplification in Sf9 cells) from single viral populations.
Expression and Purification of hDUOX
Proteins-All hDUOX1 1-593 and hDUOX2 constructs were expressed and purified according to the previously reported procedure (14) . Briefly, 1 L of H5 cells (2.0 x 10 6 cells/mL) supplemented with 250 µM 5-aminolevulinic acid (ALA, Fluka) was infected with the hDUOX1 1-593 -6His viral stock at a MOI = 5 for 3 days at 27 °C. After 72 h of infection, cell suspensions were concentrated and purified by nickel affinity chromatography (nickel-nitrilotriacetic acid-agarose (Ni-NTA) at 4 °C, in phosphate buffer (20 mM phosphate, 400 mM NaCl, pH 8.0)). The purified proteins were stored at -20 °C and all stock concentrations were determined in triplicate by the Bradford assay (16).
Tryptophan Fluorescence Spectroscopy-The fluorescence emission spectra of DUOX1 Cys mutants were collected at 20 °C using a Fluorolog 3 Spectrofluorometer (Horiba Jobin Yvon), with excitation at 292 nm. Emission was monitored between 315 and 450 nm using an excitation bandwidth of 8 nm, with slit widths set at 2.5 nm for pH 4.0 and pH 7.0 spectra. Wavelength maxima achieved for the hDUOX1 1-593 constructs were 341 nm (pH 4.0) and 348 nm (pH 7.0), consistent with previously published data for wildtype hDUOX1 (15) .
Evaluation of hDUOX Secondary Structure-
Far-UV circular dichroism (CD) spectra were collected on a JASCO J-815 spectropolarimeter using a cuvette path length of 1.0 mm and spectral collection in the range of 195-260 nm. All 20 °C CD experiments were conducted in 10 mM phosphate buffer, at pH 7.0 at a protein concentration of 4 µM. Temperature gradient spectra were collected at a concentration of 3 µM in 10 mM phosphate buffer, pH 7.0 over a temperature range of 20 °C to 60 °C; increasing at 2 °C per minute, CD data was collected every 5 degrees after 30 seconds of temperature stability. Raw ellipticity data was converted to mean residue ellipticity before plotting.
Creation of Stable HEK TransfectantsMutated regions of the peroxidase-like domain of hDUOX1 were digested with restriction enzymes and inserted into the full length hDUOX1 in pcDNA3.1 (+) Zeo (from Invitrogen). Stable HEK cell lines were created as done previously (17, 18) ; HEK cells already stably transfected with hDUOXA1 were transfected with mutant plasmids using the Qiagen PolyFect Transfection Reagent according to the manufacturer's procedure. Stable transfectants were selected with stepwise concentrations of zeomycin (100 µg/ml to 250 µg/ml) and cloned.
Gel Filtration Analysis of hDUOX1 and hDUOX2
Proteins-Proteins were subjected to gel filtration on a Superdex 200 10/300 column (Amersham) equilibrated with 20 mM phosphate, 400 mM NaCl, pH 8.0 buffer. Fifty microliters of each protein (40 µM) was separated at 0.5 mL per minute at 4 °C, and compared to gel filtration standards (Bio Rad 151-1901) injected after reconstitution according to the manufacturer's instructions. Protein elution was monitored by the absorbance at 280 nm.
Reduction and Oxidation of hDUOX1 -The hDUOX1 peroxidase-like domain (5 µM) was incubated with 200 mM βME in 20 mM phosphate buffer, 400 mM NaCl, pH 8.0 (4 °C) for reduction. Partial reduced protein was retained for gel analysis; reducing agent was removed from the remaining protein by sequential dilution and concentration (3xs, 1:40 sample:buffer). The resulting protein was incubated at room temperature for 30 min, treated with diamide (100 µM) or untreated. All samples were loaded on SDS PAGE for analysis. Biosynthesis of DUOX1-Stable HEK transfectants expressing wild-type or mutant hDUOX1 with hDUOXA1 were grown in T-75 flasks and suspended in methionine-free RPMI medium with 10% dialyzed fetal bovine serum and antibiotics for 1 h before biosynthetic radiolabeling, as previously done (17, 18) . 25 µCi of [
Hydrogen Peroxidase Production by HEK
35 S]-methionine (EasyTagEXPRESS protein labeling mix, > 37 TBq/mml; Perkin-Elmer) was added and cells were biosynthetically radiolabeled for 2 h. Cells were harvested or subjected to a chase with unlabelled methionine (100 mM) for 18 h. Cells were harvested by centrifugation and solubilized as previously described. Human DUOX1 was immunoprecipated using a rabbit polyclonal antibody (ab106544, Abcam, Cambridge, MA) and samples were separated by SDS-PAGE followed by autoradiography. Amounts of radioisotopically labeled hDUOX1 were quantitated using a phosphorimager (Typhoon 9410, Amersham Biosciences).
RESULTS
Sequence Comparison of Peroxidase Domains Reveals DUOX Cysteine Residues Contribute
Little to Structural Stability-Cysteine residues, which are the most reactive natural amino acids due to their oxidatively susceptible thiol group, play important roles in modifying the structure and function of many proteins. Cysteine oxidation to disulfide bonds provides structural stability to many enzymes, including the mammalian peroxidases MPO and LPO, which utilize a conserved disulfide network to maintain an α-helix rich motif. Due to the sequence and structural similarities of the DUOX peroxidaselike domain with the mammalian peroxidases, we reasoned that a comparison of the conserved structural features between these proteins might uncover important differences essential to functionality.
Recently, the abundance of cysteines within the DUOX2 N-terminal region was the focus of mutagenesis experiments that suggested a role for these residues in the maturation of the DUOX proteins (1, 19, 20) . To clarify the role of the cysteines, a sequence alignment analysis was performed that focused on the four cysteine residues that resulted in stalled maturation ( Figure 1A) . These cysteine residues are conserved across the DUOX proteins of both lower and higher organisms, emphasizing their importance to the DUOX system. This alignment also illustrates the lack of conservation of cysteine residues between the DUOX proteins and the mammalian peroxidases, suggesting that, in contrast to MPO or LPO, these residues may not constitute a disulfide network that maintains structural integrity.
Each cysteine residue was mapped onto a structural model of the DUOX2 N-terminal region (DUOX2 1-599 ; Figure 1B) . Our previous analysis of the DUOX peroxidase-like domains (hDUOX1 1-593 and hDUOX2 ) showed the greatest amino acid variation to occur at the exposed extracellular face (15), a feature that may promote recognition of different interacting proteins. Each cysteine residue was found to exist as a solvent exposed residue, situated on one face of the protein surface. The closest distance between cysteines in hDUOX2 is predicted to be 14 angstroms, between Cys 351 (hDUOX1 Cys 345 ) and Cys 568 (hDUOX1 Cys 565 ), suggesting that none of these residues is involved in disulfide bonds for structural stabilization. Due to their solvent exposure and unlikely involvement in internal disulfide bonds, we postulated that these cysteine residues may enable protein-protein interactions that are required for maturation. Two DUOX maturation factor isoforms (DUOXA1 and DUOXA2) interact specifically with their corresponding DUOX isoform (21, 22) . The interaction of these two protein pairs could occur through intermolecular disulfide bonds that bridge the DUOX peroxidase-like domain and a small extracellular DUOXA domain. Interestingly, a conserved cysteine, DUOXA1/A2 Cys 167 , is found in both maturation factor domains (Figure 2 ) (23) . In order to explore the role(s) of the DUOX cysteine residues, they were individually mutated to glycines in both the truncated peroxidase-like domains and in the full-length DUOX proteins. (hDUOX1/hDUOX2) were mutated to a glycine residue, to mimic previous studies focused on hDUOX2, which suggested that membrane trafficking disfunction was linked to these specific thiols as a result of protein misfolding (1). Each mutated DUOX protein was stably overexpressed in baculovirus and purified by Ni-NTA affinity chromatography, as previously reported for the wild-type protein (Figure 3 ) (14) . LCMS-MS of the trypsin-digested hDUOX1 protein verified the presence of each mutated glycine residue. All the purified proteins were obtained in amounts comparable to those of the wild-type domain, providing initial evidence that the cysteine residues are not essential for structural stability of the N-terminal domain. Further evidence that the mutant proteins retained overall structural integrity was provided by the absence of a notable shift in the Trp fluorescence maxima at either pH 4.0 or pH 7.0 ( Figure 3A) . Circular dichroism spectroscopy was performed to ascertain the relative stability of mutants vs wild-type protein under conditions of varied temperature (Figure 3B  and 3C ). At 20°C, the CD profile of each mutant protein demonstrated a nearly identical CD profile to its wild-type peroxidase domain isoform. Perturbation by temperature gradient was performed for the mutation(s) that completely abolished maturation (hDUOX1 1-593 C579G and hDUOX2 1-599 C582G) and demonstrated similar profiles of unfolding and stability at the more physiologically relevant temperature of 35 °C (Figure 3C ). Heme titration of mutant constructs demonstrated no shift in the absorbance wavelength previously observed for the wild-type peroxidase-like domain, consistent with retention of a weak heme binding affinity (15) .
Mutations of the DUOX
Initial SDS PAGE analysis of hDUOX1 protein constructs demonstrated a single band for each mutant under reducing conditions with 1.25% βME as the reductant (Figure 3D top, potential minor band from protein splicing observed for C364G only). Under non-reducing conditions, electrophoretic separation resulted in characteristic double band patterns composed of a highmolecular weight (~ 60 kDa, completely reduced protein) and low-molecular (~ 55 kDa, completely oxidized protein) band for each cysteine mutant. This effect has previously been observed in studies of human glucokinase, and was linked to shifts in intramolecular disulfide bridges as a result of multiple cysteine interactions resulting in a more or less compact protein structure within the gel environment (24, 25) . In our hands, each specific point mutation demonstrated a unique double band profile, perhaps due to differential disulfide bridging, though unlikely due to residue position.
Interestingly, a distinct protein at ~120 kDa was observed under non-reducing conditions for both the wild-type and mutant hDUOX1 constructs, with the Cys 364 point mutation demonstrating the least amount ( Figure 3D , top right panel, asterisk). The presumed molecular weight of this species suggests a portion of the hDUOX1 peroxidase domain is in a homodimeric state that is susceptible to change upon reduction, implying the state is achieved through an intermolecular disulfide interaction. The same set of conserved cysteines was mutated in the peroxidase domain of hDUOX2 to establish whether any significant differences are observed and to further clarify the recently elucidated differing nature of the two DUOX isoforms ( Figure 3D bottom) (15) . Once again each hDUOX2 protein demonstrates a monomeric band; however, differences were noted under nonreducing conditions. No band for dimeric association was noted for WT hDUOX2 whereas the C351G mutation demonstrates a band suggesting dimerization and/or oligomerization ( Figure 3D , bottom right gel). (Figure 4) . The apparent molecular weights of the peaks were determined to be 60.9 kDa for the second symmetrical peak (13.6 mL) and 133.3 kDa for the first peak at 11.9 mL. The mass of the second, evidently monomeric peak is consistent with the calculated molecular weight for hDUOX1 of 67.8 kDa. The first peak is close in mass to the projected molecular weight for a dimeric hDUOX1 peroxidase domain of 135.6 kDa. The relative abundance of the dimeric species appears greater under solution phase conditions than observed via SDS PAGE analysis, likely due to the absence of the SDS denaturant in the gel filtration study. Consistent with the polyacrylamide gel bands, the C345G, C565G and C579G mutant proteins display slightly less dimeric protein than WT (data not shown), with C364G showing the least amount of dimeric species at a level approaching that of the fully reduced protein (Figure 4A ). hDUOX2 was also studied by size exclusion, to verify the unique absence of dimeric association observed with the hDUOX1 peroxidase domain. Injection of WT hDUOX2 1-599 (68.3 kDa) resulted in a monomeric peak eluting at the same volume as WT hDUOX1 , consistent with their similarity in mass (Figures 4A and B) . Low lying peaks were observed from a retention volume of 9 to 12.5 mL, suggestive of some non-specific oligomerization occurring, but a significant peak for dimeric protein was not observed. SDS-PAGE analysis had suggested the presence of dimeric species by a diffuse band observed with the mutant C351G, therefore all hDUOX2 1-599 mutants were also analyzed by size exclusion. Of the mutant constructs, only C351G and C582G showed unresolved peaks at 12.5 mL (Figure 4A) , within a region of oligomerization, perhaps suggesting mutation of these cysteine residues had produced a unique minor affinity between monomeric units; however, this does not appear to be significant or favor production of a specific new protein state.
Size Exclusion Chromatography Supports
To further ascertain that the dimerization observed for the hDUOX1 peroxidase domain is in fact a native, stable complex and a product of nonspecific association, the reversibility of dimerization after disruption by reduction was studied.
hDUOX1 Monomer/Dimer Conversion Investigated Utilizing Diamide OxidationDimerization of the hDUOX1 peroxidase domain construct analyzed by both SDS PAGE and gel filtration analysis together with the previously reported instability of the hDUOX1 construct in comparison to a more stable monomeric hDUOX2 , argue for the in vivo relevance of this interaction (1) . This evidence diminishes the likelihood of a non-specific protein-protein interaction, and data collected for the C364G hDUOX1 mutated protein suggests dimerization occurs through a disulfide bond. To help support the specificity of this interaction and its direct association with thiol groups, a solution of purified hDUOX1 was fully reduced by exposure to βME (Figure 4B, gel) . In this reduced state, as previously shown, no dimer was observed. The reduced protein was dialyzed extensively to remove the reducing agent and then incubated for 30 min at room temperature, with or without diamide to determine if oxidation can return the protein to a dimeric state. Oxidation achieved by atmospheric exposure alone demonstrated a small amount of dimer, whereas dimerization was returned to levels observed prior to reduction with the thiol specific oxidant diamide.
This supports the hypothesis that disulfide bonds result in specific dimerization of hDUOX1 , and demonstrates that protein reduction did not disrupt dimer formation through denaturation of the overall monomeric protein structure. Review of the structural models of each DUOX N-terminal region shows that C 364 of hDUOX1 is solvent exposed; however, the corresponding conserved cysteine of hDUOX2 (C 370 ) is partially buried and turned inward, suggesting that this cysteine may be unavailable for dimerization due to its position, in accord with our experimental results (Figure 5 ).
Normal and Mutant DUOX1 Expression and
Activity in Stable Transfectants-To determine how the mutation of specific extracellular cysteines influences the activity and cellular fate of hDUOX1, we created stable HEK transfectants expressing wild-type and mutant hDUOX1 along with normal hDUOXA1. The agonist-dependent production of H 2 O 2 was significantly depressed in lines expressing mutant hDUOX1 (Table 3) , with the activity of C579G hDUOX1 essentially the same as that of non transfected HEK cells. Because reduced extracellular generation of H 2 O 2 could reflect compromised production or subcellular targeting of mutant hDUOX1, as well as defective oxidase activity, we compared the biosynthesis of normal and mutant DUOX1 by pulse-chase radiolabelling ( Figure  6A ). Immunoprecipitation of biosynthetically radiolabeled hDUOX1 demonstrated that all the mutants were initially expressed at levels that exceeded ≥ 7-fold that of the wild-type protein ( Figure 6B) . However, during the chase period, there was more rapid loss of mutant protein than of normal DUOX1, suggesting instability of the mutant proteins during processing and membrane targeting. Consistent with this interpretation, immunoblots of membrane-enriched fractions of wild-type and mutant hDUOX1/hDUOXA1 lines demonstrated reduced amounts of each of the mutants that paralleled the reduction in oxidase activity ( Table 3 ). This observation implies that the protein fraction which reached the plasma surface was fully functional and that the effect of each mutation was to disrupt a protein association required for maturation, not to compromise structural stability or functionality of each enzyme.
DISCUSSION
The absence of critical cysteine residues in enzymatic systems due to mutation has been linked to protein trafficking disorders. Specifically, thryoid dysfunction resulting in goiters is associated with missense mutations of cysteines in the thyroglobulin gene that result in its retention in the ER (27, 28) . Recently, cysteine mutations in the DUOX2 protein, a ROS generating enzyme that is highly expressed in the thyroid, have also been reported to result in failed maturation from the ER (1, 19, 20) . These studies have highlighted the importance of conserved thiol residues within the hDUOX2 N-terminal peroxidase-like domain for proper targeting to the plasma membrane.
The DUOX enzymes have structural and functional features that are atypical among members of the NOX protein family. Most notably, they possess a large, extracellular domain that has sequence similarity with mammalian peroxidase and, akin to NOX4, their stimulation yields hydrogen peroxide as the detectable oxidant (29) (30) (31) (32) . Comprehensive characterization of the two membrane bound isoforms has been hindered by the inability to purify the full length enzyme, a limitation circumvented in part by structural and topology modeling of important features (14, 15, 33, 34) . Here we have utilized structure prediction to identify the location of four cysteine residues previously shown to be important for DUOX2 maturation, establishing both that they are likely to be solvent exposed and that their spatial orientation places them beyond the limits of internal disulfide bond formation ( Figure 1B) . We further characterized the role of these conserved residues, not only in hDUOX2 but also in hDUOX1, through point mutations. Replacement of these specific cysteine residues did not significantly affect the structural stability of the isolated domain, as assessed through protein production levels, tryptophan fluorescence, circular dichroism, and heme binding studies.
Replacement of C
364 with a glycine disrupted the previously unrecognized self-association of the hDUOX1 1-593 N-terminal region. Gel analysis and size exclusion chromatography confirmed the homodimerization of the hDUOX1 truncated construct, a behavior not shared by the hDUOX2 peroxidase-like domain (Figures 3 and 4) . Dimerization is one means by which proteins confer stabilization; therefore the observed hDUOX1 complexation is consistent with our previous demonstration that the peroxidase-like hDUOX1 domain is less stable under neutral conditions than the N-terminal region of hDUOX2 (15) . Perhaps hDUOX1 dimerization is required for stability to achieve the correct structure or interaction with its maturation factor, hDUOXA1. Further analysis of the hDUOX1 dimeric state through reductive disruption and oxidative recovery of the dimeric protein with a thiol specific oxidant, diamide, supported the conclusion that this complexation depends upon one or more disulfide bonds. Due to the sequence and structural similarities of the DUOX Nterminal region with those of the mammalian peroxidases, it is important to note that myeloperoxidase is capable of dimerizing through a disulfide bond to afford high structural stability (4, 8) . While it remains to be demonstrated in the context of the full-length DUOX proteins, it is interesting to consider that dimerization may be one factor that differentiates the DUOX isoforms. Differences in dimerization could affect localization and functionality, as homodimerization is known to be required for function in certain enzymatic systems, including caspases, metalloproteins and serine/threonine kinases (35) (36) (37) (38) (39) (40) (41) . To test the possibility that dimerization may also play a role in the type of ROS detected, hDUOX1 HEK mutant transfectants, including C364G, were assayed for both hydrogen peroxide and superoxide production; however, no significant superoxide anion was detected (data not shown).
Investigation of the localization of HEK293 transfectants, both of full-length wild-type hDUOX1/A1 and full-length mutant hDUOX1 (C345G, C364G, C565G and C579G)/A1 demonstrated defective membrane translocation, consistent with previous investigations in which conserved cysteines in hDUOX2 were mutated (1, 20) . Our findings show that mutation of these cysteines did not disrupt the stability of the peroxidase-like region. Furthermore, analysis of the full-length system demonstrated that the level of hydrogen peroxide produced by mutant constructs correlated with the amount of stably expressed protein (Table 3) , suggesting these cysteine residues did not diminish activity, but only compromised maturation. These data support a model in which direct interaction of hDUOX1 and its hDUOXA1 maturation factor occur through contact of cysteine residue(s) in their extracellular domains (Figure 7) . This proteinprotein interaction surface is then perturbed by introduction of functionally inert glycine residues in positions previously occupied by cysteine thiols.
The replacement of critical cysteine residues with glycine likely compromises proper folding of hDUOX1 as well, thus enlisting endoplasmic reticulum associated degradation (ERAD) of misfolded precursors. Although the fate of mutant hDUOX1 that failed to associate with hDUOXA1 was not assessed in our studies, it is conceivable that without productive interactions with hDUOXA1 in the endoplasmic reticulum, some of the mutant hDUOX1 underwent degradation in the proteasome as part of the quality control system operative during protein synthesis. Such is the fate of Y173C, a specific missense mutation underlying one genotype of inherited MPO deficiency; pharmacologic inhibition of proteasome activity in cells expressing Y173C rescues the mutant protein from degradation, although it does not restore peroxidase activity in the cell (42) .
We propose that the most important residue for interaction at the extracellular plane of hDUOX proteins is C 579 /C 582 (hDUOX1/hDUOX2), as it is the only residue whose mutation completely eliminates membrane trafficking. Other cysteines may form further contact points for stability within the full-length system, either with the maturation factor, or within the DUOX protein itself at the extracellular membrane spanning loops that lead to varied levels of disturbance to maturation. Previous studies have also demonstrated loss of DUOX-TPO association upon both introduction of the irreversible cysteine modification agent Nethylmaleimide or single site mutations (20, 43 Table 3 : Cysteine mutation effects on hDUOX1 system activity in stable transfectants H 2 O 2 production by wild-type and transfected cell lines stimulated with PMA and ionomycin was quantitated spectrophotometrically as peroxidation of Amplex Red (n=8). In parallel, the relative amounts of immunoreactive hDUOX1 protein in membrane-enriched fractions from HEK transfectants was assessed by immunoblotting; these data are expressed relative to levels in transfectants expressing normal hDUOX1. 
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